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Abstract  The  enzyme  DNA  methyltransferase  3a  (Dnmt3a)  is  crucially  involved  in  DNA
methylation  and  recent  studies  have  demonstrated  that  Dnmt3a  is  functionally  involved  in  medi-
ating and  moderating  the  impact  of  environmental  exposures  on  gene  expression  and  behavior.
Findings in  rodents  have  suggested  that  DNA  methylation  is  involved  in  regulating  neuronal
proliferation  and  differentiation.  So  far,  it  has  been  shown  that  chronic  social  defeat  might  inﬂu-
ence neurogenesis,  while  susceptibility  to  social  defeat  stress  is  dependent  on  gene  expression
changes  in  the  nucleus  accumbens  and  the  mesolimbic  dopaminergic  system.  However,  the  role
of Dnmt3a  herein  has  not  been  fully  characterized.  Our  earlier  immunohistochemical  work  has
revealed the  existence  of  two  types  of  Dnmt3a-immunoreactive  cells  in  the  mouse  hippocam-
pus, of  which  one  represents  a  distinct  type  with  intense  Dnmt3a-immunoreactivity  (Dnmt3a
type II  cells)  co-localizing  with  a  marker  of  recent  proliferation.  Based  on  this,  we  hypothesize
that behavioral  susceptibility  to  chronic  social  defeat  stress  is  linked  to  (i)  Dnmt3a  protein  levels
in the  nucleus  accumbens  and  hippocampus,  and  (ii)  to  the  density  of  Dnmt3a  type  II  cells  in  the
hippocampal  dentate  gyrus.  While  no  differences  were  found  in  global  levels  of  Dnmt3a  protein
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expression  in  the  nucleus  accumbens  and  hippocampus,  our  stereological  quantiﬁcations  indi-
cated a  signiﬁcantly  increased  density  of  Dnmt3a  type  II  cells  in  the  dentate  gyrus  of  animals
resilient to  social  defeat  stress  compared  to  susceptible  and  control  animals.  Further  characteri-
zation of  the  Dnmt3a  type  II  cells  revealed  that  these  cells  were  mostly  doublecortin  (25%)  or  NeuN
(60%) immunopositive,  thus  deﬁning  them  as  immature  and  mature  neurons.  Moreover,  negative
associations  between  the  density  of  Dnmt3a  type  II  cells  and  indices  of  depressive-like  behavior
in the  sucrose  intake  and  forced  swim  test  were  found.  These  correlational  data  suggest  that  DNA
methylation  via  Dnmt3a  in  the  hippocampus  co-regulates  adaptivity  of  the  behavioral  response
to chronic  social  defeat  stress,  and  set  the  stage  for  further  experimental  studies  testing  a  medi-
ating role  of  Dnmt3a  in  experience-dependent  plasticity,  neurogenesis  and  (mal)  adaptation  to
severe stressors.
© 2014  Elsevier  Ltd.  All  rights  reserved.
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2. Methods
2.1.  Animals. Introduction
pigenetic  mechanisms  are  crucial  for  mediating  environ-
ental  inﬂuences  on  gene  expression  and  behavioral  traits,
mpacting  differential  susceptibility  to  severe  stressors  in
ental  ill-health.  A  role  for  epigenetic  modiﬁcations  in
tress-related  mental  disorders  including  major  depression
r  posttraumatic  stress  disorder  has  been  suggested  based
n  factors  such  as  the  absence  of  complete  concordance  in
onozygotic  twins,  the  onset  of  disease  later  in  life  rather
han  in  childhood  or  adolescence  and  the  link  to  environmen-
al  stressors  (Mill  and  Petronis,  2007).  Fraga  et  al.  (2005)
emonstrated  that  DNA  methylation  proﬁles  in  monozy-
otic  twin  pairs  diverge  as  twins  grow  older.  These  changes
n  genetically  identical  individuals  could  be  explained  by
he  inﬂuence  of  external  factors  such  as  smoking,  physical
ctivity,  diet  and  psychological  stress.  Similarly,  genetically
dentical  inbred  animals  show  considerable  epigenetic  dif-
erences  resulting  in  phenotypic  variation  (Uher,  2011).  The
ocial  defeat  stress  model  has  been  proposed  as  a  model  to
tudy  the  mechanisms  mediating  differential  susceptibility
o  chronic  and  severe  stress  (Golden  et  al.,  2011).  Krishnan
t  al.  (2007)  showed  that  this  experimental  paradigm  elic-
ts  two  distinct  responses  in  the  domain  of  social  behavior:
 ﬁrst  group  of  mice  displays  social  avoidance  after  the
ocial  defeat  experience.  In  contrast  to  this,  the  second
roup  of  mice  still  show  social  interaction  rates  that  are
omparable  to  the  control  group,  although  all  mice  are  of
dentical  genetic  background,  and  all  had  been  exposed  to
imilar  conditions  of  social  defeat  stress.  This  type  of  stress
esilience  has  been  shown  to  be  mediated  by  changes  in
hromatin  modiﬁcation,  resulting  in  altered  gene  expression
Covington  et  al.,  2009,  2011).  Moreover,  antidepressants
an  induce  histone  modiﬁcations  that  are  normally  observed
n  resilient  individuals  (Wilkinson  et  al.,  2009).  However,
ittle  is  known  about  DNA  methylation,  mediated  by  DNA
ethyltransferase  enzymes  Dnmt3a  and  Dnmt3b,  in  relation
o  the  process  of  resilience.  We  recently  found  that  common
enetic  variations  in  the  gene  for  DNA  methyltransferase  3a
Dnmt3a)  moderate  the  impact  of  environmental  stressors
daily  life  stressors  and  perinatal  adversities)  on  paranoid
deation.  Moreover,  Dnmt3a  is  required  for  neurogenesis
nd  neuronal  differentiation  as  it  is  crucially  involved  in
he  transcription  of  neurogenic  genes  (Wu  et  al.,  2010).
n  rodents,  adult  neurogenesis  appears  to  be  restricted  to
he  subependymal  cells  of  the  ventricular  system  and  the
S
r
(ubgranular  zone  of  the  dentate  gyrus  (DG)  in  the  hippocam-
us  (Ma  et  al.,  2010).  Numerous  studies  have  demonstrated
hat  psychological  stress  impacts  cellular  proliferation  and
ifferentiation  in  these  neurogenic  zones  (Lagace  et  al.,
010;  Mirescu  and  Gould,  2006).  Previous  studies  have  shown
hat  cell  proliferation  is  decreased  by  50  to  75%  after  acute
ocial  defeat  stress  (Czeh  et  al.,  2002).  Additionally,  it  has
een  demonstrated  that  chronic  antidepressant  treatment
ncreases  neurogenesis  (Czeh  et  al.,  2001)  and  that  ablation
f  neurogenesis  by  X-irradiation  prevents  the  effectiveness
f  antidepressants  to  counteract  stress-induced  behavioral
lterations  (Santarelli  et  al.,  2003).  These  ﬁndings  suggest
hat  resilience  to  social  defeat  stress  may  be  moderated  by
ltered  neurogenesis,  which  in  turn  is  mediated  by  altered
NA  methylation  in  the  brain.  Our  previous  work  has  iden-
iﬁed  two  distinct  Dnmt3a  immunoreactive  cell  types  in  the
rain.  Type  I  cells  show  moderate  immunoreactivity  visible
n  nearly  all  cells  in  the  brain,  and  type  II  display  intense
mmunoreactivity  visible  in  neurogenic  niches  of  the  brain
nd  co-label  with  markers  of  recent  proliferation  in  the  hip-
ocampal  DG  (Chouliaras  et  al.,  2011).
Consequently,  we  hypothesized  that  Dnmt3a  is  involved
n  differential  susceptibility  to  chronic  social  defeat  stress,
nd  that  animals  resilient  to  chronic  social  defeat  stress
ay  show  signs  of  adaptive  epigenetic  regulation  of  neuro-
enesis,  while  susceptible  animals  would  not.  To  test  this
ypothesis,  C57Bl/6  mice  were  subjected  to  the  chronic
ocial  defeat  stress  paradigm  (Berton  et  al.,  2006).  Lev-
ls  of  Dnmt3a  expression  in  two  brain  regions  involved
n  the  stress  response,  i.e.  the  hippocampus  and  nucleus
ccumbens,  were  determined  both  qualitatively  and  quanti-
atively.  The  nucleus  accumbens  was  included  as  it  has  been
hown  that  susceptibility  to  social  defeat  stress  depends  on
he  mesolimbic  dopaminergic  system  (Berton  et  al.,  2006).
ate  characterization,  determinations  of  immunoreactiv-
ty  levels  and  detailed  stereological  quantiﬁcations  of  the
nmt3a  type  II  cells  was  performed.even-week-old  male  C57Bl/6  and  30-week-old  male  CD1
etired  breeder  mice  were  purchased  from  Charles  River
L’Arbresle,  France)  and  used  in  the  experiment.  The
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animals  were  single  housed  in  individually  ventilated  cages
in  a  humidity  (60%  RH)  and  temperature  controlled  (21 ◦C)
environment,  with  an  inversed  12  h  light/dark  cycle  (lights
on  at  1900  h).  Standard  rodent  food  and  water  was  avail-
able  ad  libitum.  Body  weight  of  the  animals  was  measured
every  day  at  the  same  time.  All  experimental  procedures
were  approved  by  the  local  ethical  committee  for  animal
experiments  of  Maastricht  University,  according  to  Dutch
governmental  guidelines.
2.2.  Social  defeat  procedure
The  social  defeat  procedure  was  performed  as  described
by  Berton  et  al.  (2006)  (Golden  et  al.,  2011).  In  short,
9-week-old  mice  (n  =  20)  were  submitted  to  social  defeat
stress  for  10  consecutive  days.  Every  day,  each  experimental
mouse  was  introduced  into  the  home  cage  of  an  unfamiliar
CD1  resident  for  10  min  and  was  physically  defeated.  After
10  min  of  physical  interaction,  residents  and  intruders  were
maintained  in  sensory  contact  for  24  h  using  a  perforated
Plexiglas  partition  dividing  the  resident  home  cage  in  two
halves.  Control  animals  (n  =  10)  were  housed  by  pair,  one
on  each  side  of  a  perforated  Plexiglas  partition,  and  were
handled  daily.
2.3.  Behavioral  testing
2.3.1.  Social  approach—avoidance  test
One  day  after  the  last  social  defeat  session,  the  social
approach—avoidance  test  was  performed  as  described
by  Berton  et  al.  (2006).  Each  experimental  mouse  was
introduced  into  the  open  ﬁeld  arena  (42  ×  42  cm)  and  its  tra-
jectory  was  tracked  for  two  consecutive  sessions  of  2.5  min.
During  the  ﬁrst  session  (‘‘no  target’’)  the  open  ﬁeld  con-
tained  an  empty  wire  mesh  cage  (10  ×  6.5  cm)  located  at
one  end  of  the  ﬁeld.  During  the  second  session  (‘‘target’’),
the  conditions  were  identical  except  that  an  unfamiliar  CD1
mouse  had  been  introduced  into  the  cage.  Between  the
two  sessions,  the  experimental  mouse  was  removed  from
the  arena,  and  was  placed  back  into  its  home  cage  for
approximately  one  minute.  The  videotracking  data  from
both  the  ‘‘no  target’’  and  ‘‘target’’  conditions  were  used
to  determine  the  total  distance  moved,  the  time  spent  in
the  interaction  zone  and  the  corners  of  the  open  ﬁeld  oppo-
site  to  the  location  of  the  target  cage.  For  defeated  animals,
the  interaction  ratio  was  calculated  as  100  ×  (time  spent  in
interaction  zone,  target  present)/(mean  time  all  defeated
mice  spent  in  interaction  zone,  target  absent).  Mice  with
an  interaction  ratio  >100  were  labeled  as  ‘‘unsusceptible  or
resilient’’,  mice  with  an  interaction  ratio  <100  were  labeled
‘‘susceptible’’.  For  control  animals,  the  interaction  ratio
was  calculated  as  100  ×  (time  spent  in  interaction  zone,
target  present)/(mean  time  all  control  mice  spent  in  inter-
action  zone,  target  absent).  Because  of  the  rather  small
sample  size  (n  =  20  for  defeat,  n  =  10  for  control)  in  this  study,
we  did  not  calculate  the  interaction  ratio  as  described  ear-
lier  (Krishnan  et  al.,  2007).  To  avoid  exclusion  of  animals  by
marginal  times  spent  in  interaction  zones  or  corner  zones,
the  group  average  of  the  time  spent  in  the  zone  was  used,
rather  than  the  individual  measurement  for  each  animal.
m
s
e
u549
.3.2.  Sucrose  intake  test  (SIT),  elevated  zero  maze
EZM)  and  forced  swim  test  (FST)
fter  social  approach—avoidance  behavior  testing,  mice
ere  subjected  to  the  SIT  (day  3—5  after  last  defeat
ession),  EZM  (day  7  after  defeat)  and  FST  (day  9  after
efeat).  For  the  SIT,  mice  were  ﬁrst  habituated  to  a  1%
ucrose  solution  by  replacing  their  drinking  water  with  the
ucrose  solution  for  24  h.  On  the  day  of  the  SIT,  mice  were
eprived  of  food  and  water  for  6  h  (starting  at  0700  h),  after
hich  they  received  a  bottle  of  1%  sucrose  solution  for  1  h.
ucrose  intake  and  general  water  and  sucrose  consumption
ere  recorded  by  weighing  the  bottles  before  and  after  the
ntake.  Sucrose  intake  was  corrected  for  body  weight.  The
ZM  consisted  of  a  circular  platform  (50  cm  in  diameter),
levated  50  cm  above  ﬂoor  level,  with  two  opposite  enclosed
arts  (50  cm  high  side  walls)  and  two  open  parts  equally
ivided  along  the  circular  runway  (5  cm).  Falls  from  the
pen  parts  were  prevented  by  a  5  mm  high  edge.  Both  the
ide  walls  and  the  maze  itself  were  made  of  black  plastic,
ransparent  for  infrared  light,  and  connected  via  an  infrared
ideo  camera  to  a  video  tracking  system  (Ethovision  Pro,
oldus,  Wageningen,  The  Netherlands).  The  experimental
ouse  was  placed  in  the  middle  of  one  of  the  open  parts,  and
llowed  to  explore  the  maze  for  a  total  time  of  5  min.  Total
ime  spent  in  closed  parts  and  total  distance  travelled  was
ideo  tracked.  For  the  FST,  transparent  Plexiglas  cylinders
50  cm  in  height  ×  19  cm  in  diameter)  were  ﬁlled  with  warm
ater  (32  ±  2 ◦C)  up  to  20  cm.  Four  mice  were  tested  in  par-
llel  and  videotaped  from  above.  Mice  were  not  able  to  see
ne  another  due  to  grey  separation  panels  placed  between
he  four  cylinders.  A  10  min  pre-test  session  preceded  the
 min  test-session  24  h  before.  After  the  swim  sessions,  mice
ere  dried  with  paper  towels  and  returned  to  their  home
ages.  A  camera  was  placed  above  the  cylinders  and  con-
ected  to  a  video  tracking  system  (Ethovision  Pro,  Noldus,
ageningen,  The  Netherlands),  which  allowed  automated
ecording  of  individual  immobility  times  and  total  distance
oved.  Settings  within  Ethovision  were  adjusted  based  on
anually  recorded  sessions  of  ten  randomly  chosen  animals
immobility/mobility  threshold  11%).
.4.  Plasma  corticosterone  measurements
n  order  to  determine  HPA  axis  responsiveness  in  the  face  of  a
tressor,  blood  samples  were  taken  to  measure  plasma  corti-
osterone  concentrations  in  these  mice.  First,  the  mice  were
aken  out  of  their  home  cage,  immediately  after  which  a
lood  sample  was  drawn  from  the  vena  saphena  (basal  corti-
osterone  concentration)  using  heparinized  blood  collection
ubes  (Microvette  CB300,  Sarstedt,  Germany).  Subsequently,
he  mouse  was  exposed  to  ﬁve  minutes  of  forced  swim  stress.
fter  20  min  of  swim  stress,  another  blood  sample  was
rawn  from  the  vena  saphena  (to  measure  stress-induced
orticosterone  concentration).  Animals  were  then  placed
ack  in  their  home  cage  and  housing  room  and  allowed  to
ecover  for  60  min  after  which  a  third  sample  was  taken  (to
easure  ‘‘recovery’’  corticosterone  concentration).  Blood
amples  were  processed  as  described  earlier  (Sierksma
t  al.,  2013) and  plasma  corticosterone  was  measured
sing  the  ImmuChem  Double  antibody  corticosterone 125I
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IA  Kit  for  rodents  (MP  Biomedicals,  Orangeburg,  NY,  USA)
ccording  to  the  manufacturer’s  instructions.
.5.  Tissue  processing
fter  behavioral  testing  (i.e.  11  days  after  exposure  to  the
ocial  defeat  paradigm),  animals  were  deeply  anesthetized
ith  an  overdose  of  sodiumpentobarbital  (CEVA,  Libourne,
rance)  and  intracardially  perfused  with  tyrode  solution  and
ce-cold  Somogyi  ﬁxative  (4%  paraformaldehyde,  15%  picrid
cid  and  0.05%  glutaraldehyde  in  0.1  M  phosphate  buffer,
H  7.6).  Brains  were  dissected  and  post-ﬁxed  for  2  h  in  the
ame  ﬁxative  and  overnight  in  Somogyi  ﬁxative  without  glu-
araldehyde.  Next,  brains  were  stored  at  4 ◦C  in  sterile  Tris
uffered  saline  containing  0.1%  sodium  azide  until  further
rocessing.  Brains  were  serially  cut  in  30  m  free  ﬂoating
oronal  sections  using  a  Leica  VT1200S  vibratome  (Leica
icrosystems,  Wetzlar,  Germany)  and  divided  into  10  sub-
eries  of  every  10th  section,  which  were  stored  at  4 ◦C  in
terile  Tris  buffered  saline  containing  0.1%  sodium  azide.
.5.1.  Immunohistochemical  detection
ne  series  of  free-ﬂoating  sections  was  incubated  in  rabbit
olyclonal  anti-Dnmt3a  primary  antibody  (dilution  1:200,
anta  Cruz  Biotechnology,  Heidelberg,  Germany)  overnight,
n  a  constant  shaker  at  room  temperature,  after  antigen
nmasking  with  10  mM  sodium  citrate  buffer  (pH  6.0)  in
 water  bath  for  20  min  at  80 ◦C,  and  incubation  of  0.1%
ydrogen  peroxide  for  1  h,  to  quench  endogenous  peroxi-
ase  activity.  The  sections  were  then  rinsed  again  with  TBS
nd  TBS—Tween,  followed  by  incubation  with  the  secondary
ntibody,  i.e.  donkey  anti-rabbit  biotine  (dilution  1:100;
ackson,  Westgrove,  PA,  USA)  in  TBS—T  with  0.1%  bovine
erum  albumin  for  2  h.  After  rinsing  with  TBS  and  TBS—T,  the
ections  were  incubated  with  avidin—biotine—peroxidase
omplex  (diluted  1:400;  Vector  laboratories,  Burlingame,
A,  USA)  for  another  2  h.  To  visualize  the  horseradish
eroxide  reaction  product,  the  sections  were  incubated  in
,30-diaminobenzidine  tetrahydrochloride  (DAB)  solution
Sigma  Aldrich,  Uithoorn,  The  Netherlands).  The  reaction
as  stopped  after  10  min  by  rinsing  with  TBS.  The  sections
ere  mounted  on  gelatin-coated  glasses,  dehydrated,  and
overslipped  using  Pertex  (HistolabProducts  ab,  Göteborg,
weden).  Immunoﬂuorescent  double  labeling  of  Dnmt3a
nd  Ki-67,  GFAP,  DCX  and  NeuN  was  qualitatively  assessed.
i-67  (proliferating  cells),  glial  ﬁbrillary  acidic  protein
GFAP,  glial  and  neural  progenitor  cells),  doublecortin  (DCX,
mmature  neurons)  and  the  neuronal  nuclei  antigen  (NeuN,
ature  neurons)  were  used  as  target  for  immunohistochem-
stry.  Following  antigen  unmasking  (see  above),  sections
ere  incubated  with  anti-Dnmt3a  primary  antibody  and
ouse  anti-Ki67  (BD  Biosciences,  Franklin  Lakes,  NJ,  USA),
iotinylated  mouse  anti-GFAP  (Sigma  Aldrich,  Uithoorn,
he  Netherlands),  goat  anti-DCX  (Santa  Cruz  Biotechnology,
eidelberg,  Germany)  or  mouse  anti-NeuN  (Merck  Millipore,
illerica,  MA,  USA).  After  2  h  incubation  with  donkey  anti-
abbit  Alexa  488  (Invitrogen,  Paisley,  UK),  sections  were
ncubated  with  donkey-mouse  Alexa  594,  donkey  anti-goat
lexa  594  or  streptavidin  Alexa  594  (all  from  Invitrogen,
aisley,  UK).  After  selection  of  immunoreactive  cells,  image
tacks  of  16  m  thick  and  consisting  of  80  confocal  images
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with  a  distance  of  0.2  m  in  between)  were  made  with  a  40x
agniﬁcation  (Olympus,  UPlanSApo)  and  the  SISD  system
MBF  Bioscience,  Magdeburg,  Germany).  The  system  con-
isted  of  a modiﬁed  Olympus  BX51  ﬂuorescence  microscope
ith  customized  spinning  disk  unit  (DSU;  Olympus,  Zoeter-
oude,  The  Netherlands),  computer-controlled  excitation
nd  emission  ﬁlterwheels  (Olympus,  Zoeterwoude,  The
etherlands),  three-axis  high-accuracy  computer-controlled
tepping  motor  specimen  stage  (4  ×  4  Grid  Encoded  Stage,
udl  Electronic  Products,  Hawthorne,  NY,  USA),  linear  z-axis
osition  encoder  (Ludl  Electronic  Products,  Hawthorne,  NY,
SA),  ultra-high  sensitivity  monochrome  electron  multiplier
CD  camera  (1000  ×  1000  pixels,  C9100-02,  Hamamatsu
hotonics,  Hamamatsu  City,  Japan)  and  controlling  software
StereoInvestigator;  MBF  Bioscience,  Magdeburg,  Germany).
.5.2.  Mean  gray  value  and  surface  area  of
nmt3a-immunoreactivity
he  levels  of  Dnmt3a-immunoreactivity  in  the  hippocampus
ere  assessed  by  measuring  the  mean  gray  value  of  Dnmt3a-
mmunoreactivity  (reﬂecting  the  intensity)  of  delineated
egions  occupied  by  Dnmt3a  staining  as  described  earlier
y  Chouliaras  et  al.  (2011). In  brief,  the  cell  layers  of  the
ippocampal  areas  DG,  cornu  ammonis  3  (CA3)  and  CA1-2
ere  identiﬁed  and  8  images  were  taken  (4  for  the  DG,  2  for
he  CA1-2  and  2  for  the  CA3)  in  4  selected  (bregma  levels)
ielding  32  images  per  hippocampal  area  per  animal.  For  the
ucleus  accumbens  core,  4  images  were  taken  in  two  hemi-
pheres  in  four  selected  sections  per  bregma  (−1.94,  −1.7,
1.42  and  −1.1)  according  to  Franklin  and  Paxinos  (Paxinos,
996).  Thus,  a  total  of  32  images  in  the  nucleus  accumbens
er  animal  were  analyzed.  Please  note  that  measurement  of
he  absolute  levels  of  Dnmt3a  was  not  the  intention  of  the
resent  analysis,  and  that  the  present  measurements  reﬂect
elative  differences  between  immunoreactivity  between  the
ifferent  groups.
.5.3.  Density  of  intense  Dnmt3a  immunoreactive  cells
uantiﬁcation  of  the  number  of  intense  Dnmt3a  immunore-
ctive  cells,  i.e.  type  II  Dnmt3a  immunoreactive  cells,  was
erformed  with  a  computer-based  stereology  workstation
s  previously  described  by  Chouliaras  et  al.  (2011).  In  brief,
he  DG  was  delineated  at  a  10x  magniﬁcation  and  estimates
f  the  total  cell  number  were  carried  out  by  means  of  the
ptical  fractionator  with  a  40  ×  lens.  Cell  densities  were
stimated  for  5  sections  per  animal  by  calculating  the  ratio
f  the  number  of  cells  counted  in  each  section,  divided  by
he  volume  of  the  DG  in  the  corresponding  section.
.6.  Statistical  analysis
ll  data  are  presented  as  mean  and  standard  error  of  means.
omparisons  between  three  groups  (control,  suscepti-
le,  resilient/unsusceptible)  were  performed  with  one-way
nalysis  of  variance  (ANOVA).  Statistical  signiﬁcance  was
stablished  at  p  <  0.05.  When  signiﬁcant  differences  were
ound,  means  were  compared  with  a  Bonferroni  post  hoc  test
or  pair-wise  comparisons.  The  Pearson  correlation  coef-
cient  was  used  to  correlate  behavioral  outcomes  with
nmt3a  type  II  cell  densities  for  all  animals,  and  sensitivity
nalysis  was  performed  by  repeating  the  correlation  analysis
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Fig.  1  Behavioral  consequences  of  exposure  to  10  days  of  chronic  social  defeat  stress.  (A)  Time  spent  in  the  interaction  zone
when the  CD1  target  was  present.  (B)  Time  spent  in  the  corner  zone  when  the  CD1  target  was  present.  (C)  Sucrose  preference
during 24  h.  Sucrose  preference  was  calculated  as  the  ratio  of  the  amount  of  sucrose  solution  divided  by  the  normal  water  intake  in
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(24 h.  (D)  Time  spent  in  the  closed  zones  of  the  EZM  (E)  duration
*** p  <  0.01.  Control  n  =  10,  susceptible  n  =  9,  resilient  n  =  9.
within  the  group  of  defeated  animals.  All  statistical  cal-
culations  were  performed  using  the  statistical  package  for
the  social  sciences,  (SPSS  16,  SPSS  Inc.,  Chicago,  IL,  USA).
Graphs  were  built  in  GraphPad  Prism  (Version  4,  GraphPad
Software,  San  Diego,  CA,  USA).
3. Results
3.1.  Social  approach—avoidance  and  behavior
testing
The  mean  interaction  ratio  of  defeated  animals  was
118.7  ±  7.9.  Of  the  20  mice  subjected  to  social  defeat
stress,  two  animals  were  excluded  because  of  severe  biting
wounds.  Eight  animals  (44%)  displayed  the  susceptible  phe-
notype  with  a  signiﬁcant  overall  difference  in  time  spent  in
the  interaction  zone  (F2, 25 =  30.80,  p  <  0.0001)  and  the  cor-
ner  zone  (F2, 25 =  12.19,  p  =  0.002)  in  the  social  interaction
test.  Post-hoc  testing  revealed  that  susceptible  mice  spent
A
h
n
F
Fig.  2  (A)  Body  weight  of  animals  during  the  experiment.  Social  
10. Behavioral  testing  was  performed  between  experimental  day  11  
levels at  baseline  (‘‘baseline’’),  after  5  min  of  forced  swim  stress  
defeat n  =  18.mobility  in  the  FST.  Bars  represent  mean  and  SEM. ** p  <  0.05,
igniﬁcantly  less  time  in  the  interaction  zone  compared  to
ontrol  and  resilient  animals  (Fig.  1A,  p  <  0.05  vs.  control,
 <  0.01  vs.  unsusceptible),  and  more  time  in  the  corners
ones  (Fig.  1B,  p  <  0.01  vs.  control  and  unsusceptible).
o  statistically  signiﬁcant  differences  were  found  in  the
ucrose  intake  test  (Fig.  1C,  F2, 23 <  1,  p  =  ns),  elevated  zero
aze  test  (Fig.  1D,  F2, 25 <  1,  p  =  ns)  and  forced  swim  test
Fig.  1E,  F2, 25 =  2.518,  p  =  ns)  for  the  three  groups  of  mice.
.2.  Body  weight  and  plasma  corticosterone
ody  weight  of  the  animals  was  recorded  during  the  com-
lete  time  lapse  of  the  experiment.  During  the  defeat
experimental  day  1  till  day  10),  body  weight  of  defeated
nimals  was  signiﬁcantly  higher  compared  to  control  animals
day  5  t22 =  2.266,  p  =  0.032;  day  10  t26 =  2.66,  p  =  0.0132)
fter  the  defeat  (experimental  day  11  till  day  20),  the
igher  body  weight  of  defeated  animals  returned  back  to
ormal  levels,  comparable  with  the  control  animals,  see  also
ig.  2A.  Alterations  in  HPA  axis  reactivity  were  explored  by
defeat  stress  was  performed  between  experimental  day  1  and
and  20.  Control  n  =  10,  defeat  n  =  18.  (B)  Plasma  corticosterone
(‘‘stress’’)  and  after  1  h  of  rest  (‘‘recovery’’).  Control  n  =  10,
552  C.  Hammels  et  al.
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3ig.  3  Dnmt3a  immunoreactivity  in  brain  of  a  control  animal
one (D)  dentate  gyrus.  Scalebar  represents  60  m.
rawing  blood  samples  during  basal,  stressful  and  recovery
onditions  and  determining  plasma  corticosterone  concen-
rations  (Fig.  2B).  Plasma  corticosterone  concentrations
ere  signiﬁcantly  inﬂuenced  by  time  point  (i.e.,  basal,
tress,  recovery)  (F2, 72 =  93.11;  p  <  0.0001)  and  by  group  (i.e.
efeat,  control)  (F1, 72 =  5.148;  p  =  0.0263),  but  not  by  time
oint  ×  group.  When  analysing  the  effect  of  social  defeat
tress  at  each  time  point,  baseline  and  stress  plasma  corti-
osterone  levels  did  not  differ  between  defeated  and  control
ice,  but  recovery  plasma  corticosterone  level  was  signif-
cantly  higher  in  defeated  animals  compared  to  controls
t22 =  2.179,  p  =  0.04).
.3.  Qualitative  analysis  of  Dnmt3a  staining
wo  qualitatively  distinct  types  of  Dnmt3a  immunoreac-
ive  cells  were  found,  in  line  with  our  previous  ﬁndings
Chouliaras  et  al.,  2011).  The  ﬁrst  type  of  Dnmt3a
mmunoreactive  cells  showed  moderate  levels  of  immunore-
ctivity  (type  I  cells)  and  was  observed  in  cell  nuclei
hroughout  the  brain.  The  second  type  of  Dnmt3a  posi-
ive  cells  showed  high  levels  of  immunoreactivity  (type  II
ells)  and  was  detected  in  speciﬁc  regions  in  the  brain:
he  granular  zone  of  the  DG,  the  subventricular  zone,  the
lfactory  bulb,  and  distinct  white  matter  tracks  such  as
he  rostral  migratory  stream  and  corpus  callosum,  but  not
n  the  nucleus  accumbens  (see  Fig.  3).  In  the  immunoﬂu-
rescent  double  labeling,  no  colocalization  was  detected
or  Dnmt3a  and  Ki-67  (Fig.  4A)  or  GFAP  (Fig.  4B).  Double
abeling  was  observed  for  DCX  (Fig.  4C)  and  NeuN  (Fig.  4D).
b
T
s Rostral  migratory  stream  (B)  olfactory  bulb  (C)  subventricular
emi-quantitative  analysis  of  double  labeling  revealed  that
pproximately  25%  of  Dnmt3a  type  II  cells  were  doublecortin
ositive  and  60%  were  NeuN  positive.
.4.  Quantitative  analysis  of  Dnmt3a
mmunoreactivity  in  type  I  cells
ray  scale  measurements  were  performed  for  immuno-
istochemical  staining  in  the  nucleus  accumbens  and
ippocampus.  No  signiﬁcant  differences  in  Dnmt3a  stain-
ng  intensity  were  found  in  the  nucleus  accumbens  (Fig.  5B,
2, 23 <  1,  p  =  ns)  or  the  DG,  CA3  or  CA1-2  areas  of  hippocam-
us  (Fig.  5A,  DG  F2, 24 =  1.114,  p  =  ns;  CA3  F2, 24 <  1,  p  =  ns;
A1-2  F2, 24 <  1,  p  =  ns)
.5.  Quantitative  analysis  of  Dnmt3a  type  II  cell
ensity
he  density  of  Dnmt3a  type  II  cells  showed  signiﬁcant
ifferences  (F2, 24 =  4.761,  p  =  0.0181)  between  the  groups.
onferroni  post-hoc  testing  showed  that  resilient  animals
ace  a  higher  density  of  Dnmt3a  type  II  cells  compared  to  sus-
eptible  (p  =  0.019)  and  control  animals  (p  =  0.05;  Fig.  5C).
.6.  Density  of  Dnmt3a  type  II  cells  correlates  with
ehavior
he  density  of  Dnmt3a  type  II  cells  in  the  DG  showed
tatistically  signiﬁcant  correlations  with  several  behavioral
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Fig.  4  Representative  merged  images  of  the  hippocampal  dentate  gyrus  of  a  control  animal  showing  ﬂuorescent  labeling  of
Dnmt3a (red)  and  cellular  markers  (green)  (A)  Ki-67  (B)  GFAP  (C)  DCX  (D)  NeuN.  Red  arrows  indicate  Dnmt3a  type  II  cells,  green
arrows indicate  KI-67,  GFAP,  DCX  or  NeuN  positive  cells,  respectively,  and  yellow  arrows  indicate  double  positive  cells.  Scale  bar
i
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rrepresents 50  m.
phenotypes.  It  correlated  with  (i)  the  time  spent  in  the  inter-
action  zone  (Fig.  6B,  R2 =  0.2821,  p  =  0.023)  in  the  social
approach—avoidance  test,  (ii)  the  sucrose  intake  (Fig.  6A,
R2 =  0.2209,  p  =  0.012),  and  (iii)  the  distance  moved  in  the
elevated  zero  maze  (Fig.  6D,  R2 =  0.3283,  p  =  0.013).  No  gen-
eral  locomotor  differences  were  observed  in  the  ﬁrst  trial  of
the  social  interaction  test  (data  not  shown).  No  signiﬁcant
correlation  was  found  for  the  time  spent  in  corner  zones
a
t
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c
Fig.  5  Quantitative  analysis  of  Dnmt3a  immunoreactivity  in  the  hi
measurements  multiplied  by  surface  area  of  Dnmt3a  type  I  immuno
Mean gray  value  measurements  multiplied  by  surface  area  of  Dnmt3a
of Dnmt3a  type  II  cells  in  the  dentate  gyrus.  Bars  represent  mean  a
resilient n  =  9.n  the  social  interaction  test,  time  spent  in  closed  or  open
rms  in  the  elevated  zero  maze  and  duration  of  immobil-
ty  or  latency  to  immobility  in  the  forced  swim  test.  When
epeating  the  analysis  within  defeated  animals  instead  of  all
nimals,  the  correlation  between  time  spent  in  the  interac-
ion  zone  (in  the  social  approach—avoidance  test)  and  the
istance  moved  in  the  elevated  zero  maze  with  the  Dnmt3a
ell  density  remained  statistically  signiﬁcantly.
ppocampus  and  nucleus  accumbens  (NAc).  (A)  Mean  gray  value
reactivity  in  the  CA1-2,  CA3  and  DG  of  the  hippocampus.  (B)
 type  I  cell  immunoreactivity  in  the  core  of  the  NAc.  (C)  Density
nd  SEM. * p  =  0.05, ** p  <  0.05.  Control  n  =  9,  susceptible  n  =  9,
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Fig.  6  Pearson  correlation  of  Dnmt3a  type  II  cell  density  in  the  DG  and  behavioral  outcome  measures  in  all  mice.  (A)  Time  spent
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rn interaction  zone  when  the  target  is  present.  (B)  Total  sucros
. Discussion
his  is  the  ﬁrst  study  linking  Dnmt3a  protein  expression  in
he  mouse  hippocampus  to  social  defeat  stress.  Our  present
tudy  indicates  that  unsusceptible  or  resilient  animals  have
 higher  density  of  Dnmt3a  type  II  cells,  reﬂecting  newly
ifferentiated  neurons,  in  the  hippocampal  DG  than  suscep-
ible  animals  or  control  animals  not  exposed  to  social  defeat.
ur  results  furthermore  show  that  the  density  of  Dnmt3a
ype  II  cells  in  the  hippocampal  DG  correlates  with  behav-
oral  expression  of  resilience,  i.e.  increased  social  approach,
 higher  hedonic  response  in  the  sucrose  intake  test  and
ore  exploration  in  the  elevated  zero  maze  suggesting  lower
nxiety.
.1.  Dnmt3a  is  involved  in  neurogenesis
ur  ﬁndings  that  signiﬁcant  proportions  of  the  highly
ntense  Dnmt3a  immunoreactive  cells  in  the  brain  are  also
mmunoreactive  for  DCX  and  NeuN  indicate  that  these  cells
re  recently  born  neurons,  which  is  in  line  with  earlier  work
y  Chouliaras  et  al.  (2011),  showing  colocalization  of  these
ells  with  BrdU.  Feng  et  al.  showed  that  Dnmt3a  is  present
n  both  embryonic  and  postnatal  central  nervous  system
CNS)  tissues  (Feng  et  al.,  2005),  with  the  highest  levels
f  Dnmt3a  expression  were  found  in  the  embryonic  mouse
rain.  In  newborn  animals,  peak  levels  of  Dnmt3a  were
ound  throughout  the  brain,  which  decreased  to  relatively
ow  levels  in  4-months  old  animals  (Feng  et  al.,  2005).  Thus
n  the  adult  mouse  brain,  neurons  express  moderate  levels  of
nmt3a.  The  authors  therefore  stated  that  Dnmt3a  is  partic-
larly  important  in  dynamic  regulation  of  DNA  methylation
hat  is  critical  for  prenatal  neurogenesis  and  postnatal  reg-
lation  of  differentiation(Feng  et  al.,  2005).  In  addition  to
hese  ﬁndings,  Chouliaras  et  al.  reported  increased  Dnmt3a
mmunoreactivity  in  the  hippocampus  of  24-months  old  mice
ompared  to  12-months  old  mice  (Chouliaras  et  al.,  2011).
owever,  in  this  study  two  different  types  of  Dnmt3a  posi-
ive  cells  are  described.  Type  I  cells  show  moderate  Dnmt3a
taining  intensity  and  are  widely  distributed  all  over  the
rain.  Type  II  cells  display  highly  intense  Dnmt3a  staining
nd  reﬂect  a  small  subpopulation  of  hippocampal  cells.  It
eems  plausible  that  high  levels  of  type  II  cells  are  present
n  the  young  brain,  and  that  their  number  decreases  as  the
nimal  grows  older.  As  a  result,  it  is  possible  that  postnatal
rain  maturation  involves  the  conversion  of  Dnmt3a  type  II
s
t
c
ske  in  the  SIT.  (C)  Distance  moved  in  the  EZM.
ells  to  type  I  cells.  This  means  that  Dnmt3a  expression  in
ingle  neural  cells  decreases  as  the  cell  matures.  We  pro-
ose  that  during  neuronal  differentiation  and  maturation
igh  levels  of  Dnmt3a  are  expressed  (seen  has  intensely
tained  type  II  cells),  which  decrease  to  moderate  levels
n  mature  neurons.  Along  similar  lines,  Dnmt3a  type  II cells
re  only  present  in  brain  regions  where  adult  neurogenesis
akes  place.  Indeed,  in  the  present  study,  we  identiﬁed  the
ighly  intense  stained  type  II  cells  in  the  subgranular  zone
f  the  hippocampal  DG,  the  subventricular  zone,  olfactory
ulb  and  rostral  migratory  stream,  the  main  brain  regions
nvolved  in  adult  neurogenesis.  To  further  characterize  the
nmt3a  type  II  cells  and  to  verify  that  they  are  in  fact
aturing  neurons,  we  performed  immunoﬂuorescent  dou-
le  labeling  of  Dnmt3a  with  markers  for  different  stages
f  neuronal  development:  GFAP  (early  neuronal  progeni-
or  cells),  DCX  (newly  differentiated,  immature  neurons),
euN  (mature  neurons)  and  Ki67  (marker  for  proliferat-
ng  cells).  Chouliaras  et  al.  (2011)  found  colocalization  of
nmt3a  and  BrdU  immunoreactivity  (5  weeks  after  BrdU
njections),  suggesting  that  type  II  Dnmt3a  cells  had  recently
ndergone  proliferation,  while  our  current  analyses  did  not
how  any  signs  of  colocalization  with  either  the  Ki67  pro-
iferation  marker  or  with  the  early  progenitor  marker  GFAP.
hus,  although  Dnmt3a  type  II  cells  are  recently  prolifer-
ted  cells,  they  were  not  proliferating  at  the  moment  of
nalysis  and  had  lost  their  progenitor  status.  However,  high
umbers  of  Dnmt3a  type  II  cells  showed  double  labeling
ith  DCX  or  NeuN,  indicating  that  they  are  maturing  neu-
ons.  These  data  suggest  that  the  Dnmt3a  type  II  cells  are
ewly  born,  maturing  neurons  and  that  they  may  serve  as
 marker  for  neurogenic  processes.  This  also  suggests  that
nmt3a  plays  a  critical  role  in  adult  neurogenesis,  extend-
ng  previous  studies  showing  that  Dnmt3a  is  expressed  in
ostnatal  neural  stem  cells  and  is  required  for  embryonic
nd  adult  neurogenesis  (Wu  et  al.,  2010).  The  crucial  role
f  Dnmt3a  in  neurogenesis  is  further  highlighted  by  the  fact
hat  Dnmt3a  knockout  mice,  while  appearing  grossly  normal
t  birth,  die  prematurely  because  of  severe  abnormalities
n  postnatal  brain  development  (Okano  et  al.,  1999),  most
ikely  due  to  impaired  neuronal  differentiation  in  neuro-
enic  zones  such  as  the  subventricular  and  subgranular  zone
ather  than  by  aberrant  neural  stem  cell  proliferation  or
urvival  (Wu  et  al.,  2010).  This  might  conﬁrm  the  regula-
ive  role  of  Dnmt3a  in  neural  cell  differentiation  rather  than
ell  proliferation  and  survival,  as  Wu  et  al.  (2010)  previously
uggested.
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4.2.  Stress  susceptibility  and  adult  hippocampal
neurogenesis
The  social  defeat  stress  model  elicits  differential  responses
in  social  avoidance  behavior  which  has  previously  been
conceptualized  in  a  dichotomous  variable  of  susceptible
vs.  unsusceptible  animals,  with  approximately  half  of  the
animals  displaying  an  unsusceptible  or  resilient  phenotype
(Krishnan  et  al.,  2007).  The  present  study  is  the  ﬁrst
study  to  analyze  the  effects  of  chronic  social  defeat  stress
on  neuronal  proliferation  and  differentiation,  while  tak-
ing  different  expressions  of  social  avoidance  behavior  into
account.  In  this  study,  Dnmt3a  type  II  cell  density  in  the  DG
was  used  as  a  marker  for  neurogenic  events,  as  we  showed
that  these  cells  are  recently  differentiated,  newborn  neu-
rons.  We  showed  that  social  defeat  stress  does  not  inﬂuence
Dnmt3a  type  II  cell  density  in  the  hippocampal  DG  of  sus-
ceptible  animals.  However,  in  resilient  animals,  type  II  cell
density  was  increased  compared  to  both  control  and  suscep-
tible  animals,  suggesting  that  hippocampal  neurogenesis  is
enhanced  in  resilient  mice.  A  considerable  number  of  stud-
ies  have  demonstrated  that  psychological  stress  is  associated
with  structural  and  functional  changes  in  neurogenic  regions
of  the  adult  brain.  Previous  studies  have  shown  that  hip-
pocampal  cell  proliferation  is  transiently  suppressed  after
exposure  to  social  defeat  stress  (Lagace  et  al.,  2010).  How-
ever,  it  seems  that  proliferating  cells  might  habituate  during
chronic  exposure  to  stress,  as  proliferation  is  only  slightly
decreased  after  chronic  social  defeat  (Czeh  et  al.,  2002).  It
has  further  been  suggested  that  stress  exposure  induces  neu-
ral  progenitor  cells  to  acquire  a  quiescent  state  (Fitzsimons
et  al.,  2013).  One  limitation  of  these  studies  is  that  they  did
not  take  differential  susceptibility  to  the  effects  of  chronic
stress  and  behavioral  phenotypes  into  account.
Our  study  is  the  ﬁrst  to  investigate  the  effects  of  dif-
ferential  susceptibility  to  social  defeat  stress  on  adult
neurogenesis.  We  found  increased  numbers  of  Dnmt3a  type
II,  newly  born  neurons  in  resilient  animals  compared  to  sus-
ceptible  and  control  mice.  Moreover,  the  density  of  the
Dnmt3a  type  II  cells  in  the  hippocampal  DG  was  positively
correlated  with  the  behavioral  outcome  measures  of  social
interaction,  hedonic  responsiveness  and  negatively  corre-
lated  with  anxiety-like  behavior,  suggesting  that  an  adaptive
response  to  social  defeat  stress  requires  the  ability  to  upreg-
ulate  neurogenesis  possibly  through  mediating  effects  of
Dnmt3a.  It  should  be  noted  here  that  we  cannot  rule  out
that  baseline  differences  in  the  epigenotype  and  neurogenic
potential,  e.g.  expressed  as  pre-defeat-existing  variations
in  the  generation  of  Dnmt3a  type  II  cells,  might  partially
determine  the  subsequent  response  to  the  chronic  exposure
to  social  defeat  stress.  However,  more  research  is  needed
to  determine  whether  changes  in  Dnmt3a  type  II  cell  den-
sity  are  acquired  during  or  immediately  after  social  defeat
or  that  baseline  Dnmt3a  levels  determine  predisposition  to
stress  susceptibility.  It  will  furthermore  be  interesting  to
investigate  DNA  methylation  proﬁles  in  Dnmt3a  type  II  cells,
for  example  using  laser  capture  dissected  or  ﬂuorescence-
assisted  cell  sorting  techniques.Thus,  our  ﬁndings  suggest  that  the  altered  number  of
Dnmt3a  type  II  cells  may  also  result  in  differential  DNA
methylation  in  the  hippocampus,  which  by  may  modulate
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he  response  to  severe  adversities  during  life.  Indeed,  evi-
ence  accumulates  that  experience-driven  alterations  in
NA  methylation  during  early  life  can  regulate  the  HPA  axis
McGowan  et  al.,  2009) and  hippocampal  plasticity  (Roth
t  al.,  2011) and  can  have  persistent  inﬂuences  on  gene
xpression.
.3.  DNA  methylation  and  traumatic  stress
lthough  epigenetic  studies  on  traumatic  stress  exposure  in
dult  humans  have  been  limited  thus  far,  evidence  suggests
hat  exposure  to  severe  stressors  in  adult  life  of  humans
s  connected  with  altered  DNA  methylation  proﬁles.  For
xample,  Ressler  et  al.  (2011)  observed  PTSD-associated  dif-
erential  methylation  in  the  gene  ADCYAP1R1  in  peripheral
lood,  while  other  cross-sectional  analyzes  have  identi-
ed  differential  DNA  methylation  proﬁles  using  screening
f  methylation  arrays.  Uddin  et  al.  (2010)  and  Smith  et  al.
2011)  observed  differential  DNA  methylation  in  PTSD,  par-
icularly  in  immune-related  genes.  Together  with  our  rodent
ndings  showing  a  relation  between  Dnmt3a,  i.e.  one  of
he  main  enzymes  responsible  for  DNA  methylation,  and
ifferential  susceptibility  to  chronic  severe  stress,  it  thus
eems  very  attractive  to  further  investigate  the  role  of  DNA
ethylation  in  susceptibility  to  severe  stressors  in  humans.
ne  could  envision  for  example  longitudinal  studies  on  the
mpact  of  trauma  exposure  on  DNA  methylation  in  prospec-
ively  followed  military  cohorts  such  as  the  U.S.  Marine
esiliency  Study  (Baker  et  al.,  2012)  and  the  Dutch  PRISMO
tudy  (Boks  et  al.,  2014).
In  conclusion,  we  have  demonstrated  that  Dnmt3a  is
xpressed  throughout  the  entire  mouse  brain.  However,  high
ntensity  Dnmt3a  cells  (type  II  cells)  are  found  only  in  neu-
ogenic  zones  in  the  adult  mouse  brain  and  represent  newly
enerated  neurons.  Animals  unsusceptible  to  social  defeat
tress  showed  higher  Dnmt3a  type  II  cell  densities  in  the
ippocampal  DG,  which  correlated  with  social  approach,
edonic  and  anxiolytic  behavior.  Double  labeling  studies  of
hese  Dnmt3a  type  II  cells  revealed  that  they  are  newly  gen-
rated,  immature  and  mature  neurons.  Together  with  data
n  the  literature,  these  data  suggest  that  susceptibility  to
he  effects  of  chronic  social  defeat  stress  in  mice  is  mod-
rated  or  even  mediated  by  Dnmt3a-related  regulation  of
dult  neurogenesis.
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